To predict the morphodynamics of sedimentary landscapes, seascapes and riverscapes, one requires knowledge of the rate at which sediment is transported in response to a turbulent shearing flow. Many theoretical and empirical models predict that this rate vanishes below a threshold value Θ t of the nondimensionalised threshold fluid shear stress (Shields number ). However, the physical meaning of Θ t has remained controversial. Here we propose a model that assumes that, driven by a nonfluctuating wall-bounded flow, all transported particles hop and rebound in identical periodic trajectories along a flat wall mimicking the sediment bed. To account for the bed's ability to capture transported particles, only trajectories with a lift-off energy above a critical value, which depends on Θ and the bed slope angle, are considered. The model calculates Θ t as a rebound threshold, that is, as the smallest Shields number that allows for a periodic trajectory solution. Despite its conceptual simplicity, the model captures threshold measurements across aeolian and fluvial environments, including the famous Shields curve. The model's threshold solutions are unstable against small trajectory fluctuations, which we argue supports the recent hypothesis that Θ t is strictly smaller than the impact entrainment threshold associated with the onset of continuous transport.
Introduction
When an erodible sediment bed is subjected to a turbulent shearing flow of a Newtonian fluid, such as air or water, bed particles may enter the flow and become transported [1] [2] [3] [4] [5] [6] . There are two extreme transport regimes: transported particles can enter suspension supported by the flow turbulence and remain out of contact with the bed for very long times (typical for particles of silt or dust size and smaller), or they can remain in regular contact with the bed (typical for particles of sand size and larger). The latter regime plays a key role in the evolution of sedimentary landscapes, seascapes and riverscapes on Earth and other planetary bodies 7 . Hence, predicting the morphodynamics of planetary sedimentary surfaces requires a deep understanding of the physics of nonsuspended sediment transport, especially if predictions are to be made outside the range of conditions that are accessible to measurements (e.g., extraterrestrial environments) [8] [9] [10] . The arguably most important aspect that needs to be understood is the behaviour of the sediment transport rate Q as a function of the applied fluid shear stress τ, which has been subject of numerous experimental and theoretical investigations in the geomorphology community [11] [12] [13] [14] [15] [16] [17] [18] . Many existing transport rate expressions predict that the nondimensionalised transport rate Q * ≡ Q/[ρ p d (ρ p /ρ f − 1)gd] vanishes below a certain threshold value Θ t of the nondimensionalised fluid shear stress (Shields number) Θ ≡ τ/[(ρ p − ρ f )gd cos α] [12] [13] [14] [15] [16] [17] [18] , where ρ p (ρ f ) is the particle (fluid) density, g the gravitational constant, d a characteristic diameter of bed surface particles and α the bed slope angle. However, when using such expressions, it is tacitly acknowledged that Q * remains nonzero (but becomes very small) even below Θ t because of subsurface creeping 19 and sporadic turbulent events 11 . Threshold-based expressions for Q * can be considered as indirect definitions of Θ t and be used to obtain Θ t via extrapolating paired measurements of Q * and Θ to vanishing transport or a small reference value. For wind-driven (aeolian) transport, it is the consensus viewpoint that this measurement method, when employing a linear transport law (i.e., Q * ∼ Θ − Θ t ), yields the impact entrainment threshold, that is, the cessation threshold below which the impacts of transported particles with the bed are no longer able to entrain particles into the transport layer [4] [5] [6] . For liquid-driven (fluvial) transport, it is the consensus viewpoint that this measurement method yields the fluid entrainment threshold, that is, the initiation threshold above which the driving flow becomes able to directly entrain bed particles [20] [21] [22] . Consistent, for fluvial transport conditions and a given threshold value Re * t of the shear Reynolds number Re * ≡ u * d/ν, where ν is the kinematic fluid viscosity and u * ≡ τ/ρ f the fluid shear velocity, Θ t exhibits a similar value as the visual transport initiation threshold, which is measured via increasing Θ until Q * exceeds a certain critical value associated with significant transport [20] [21] [22] . The relationship Θ t = f (Re * t ) describing both kinds of thresholds was first discovered by Shields 23 and is known today as the Shields curve [20] [21] [22] . In contrast, for aeolian transport conditions, Θ t and transport initiation thresholds are not equivalent to one another and values of Θ t are much below the Shields curve 3-6 .
In addition to the above consensus viewpoints regarding the physical underpinnings of Θ t in aeolian and fluvial environments, recent studies have identified further important physical mechanisms at work [24] [25] [26] [27] and proposed alternative viewpoints [28] [29] [30] [31] [32] . For example, with the help of Discrete Element Method (DEM)-based numerical sediment transport simulations, Pähtz and Durán 31 derived a set of correlations between several transport layer-averaged quantities that can be used to obtain Θ t across aeolian and fluvial environments in agreement with existing measurements. These authors interpreted their derived correlations as a physical description of a steady state in which transported particles continuously hop and rebound (i.e., saltate) along the sediment bed. They therefore hypothesised that Θ t is a rebound threshold, that is, the threshold Shields number below which the mean turbulent flow is no longer able to compensate the averages energy losses of transported particles rebounding with the bed by fluid drag acceleration during particle trajectories. However, Pähtz and Durán 31 did merely interpret but not directly show that the threshold obtained from their correlations is a rebound threshold, which is problematic because existing direct implementations of the rebound threshold hypothesis in analytical models have not been able to capture fluvial transport threshold measurements 29, 30 . Furthermore, the fact that the continuous rebound conceptualisation is independent of any kind of bed sediment entrainment (it applies to erodible and fixed beds alike 29 ) raises the question of what is the relation between Θ t and the impact entrainment threshold Θ ImE . The numerical simulations by Pähtz and Durán 31 indicate that Θ t is always smaller than Θ ImE , but it remains unclear why that is the case.
Here we propose a rebound threshold model that resolves these open problems and controversies. The model does not consider any kind of bed sediment entrainment and represents the entire motion by particles saltating in identical periodic trajectories (the average trajectory), driven by a nonfluctuating inner turbulent boundary layer flow, along a flat wall mimicking the sediment bed (modelling saltation by one or more species of identical periodic particle trajectories is a standard modelling approach [28] [29] [30] [33] [34] [35] [36] [37] ). However, to account for the bed's ability to capture saltating particles, only trajectories are considered in which the lift-off or rebound energy exceeds a critical value E b . The rebound threshold Θ t is then calculated as the smallest Shields number that allows for a periodic trajectory solution. The crucial conceptual differences to previous rebound threshold models based on this approach 29, 30 are that our model considers the viscous sublayer of the turbulent boundary layer and that E b is not constant (like in previous models) but depends on Θ and α in order to account for the fact that bed surfaces close to yield allow saltating particles to exhibit lower energies without being captured.
Rebound threshold model
This section introduces our rebound threshold model. Firstly, we present basic assumptions and idealisations that characterise flow, particles and their interactions. Secondly, we present the mathematical description of the main model idealisation: identical periodic particle trajectories. Thirdly, we present the manner in which the rebound threshold is obtained from the family of identical periodic trajectory solutions.
Basic assumptions and idealisations

Fluid shear stress and flow velocity profile
We consider a nonfluctuating inner turbulent boundary layer flow above a flat wall (wall-normal coordinate z = 0) that represents the average elevation of the particles' centre during particle-bed rebounds. In DEM-based numerical sediment transport simulations, this elevation is about Z ∆ d = 0.7d above the virtual zero level of the streamwise component (coordinate x) of the flow velocity (u x ) 31 . This value is consistent with measurements of the elevation relative to the virtual zero level of the summit of static bed particles (∆z summit ≈ 0.25d) in both laminar 38 and turbulent 39 flows as the centre of particles touching this summit is located at an elevation ∆z summit + 0.5d.
The inner turbulent boundary layer is characterised by a nearly height-invariant total fluid shear stress (i.e., dτ/dz 0), which is equal to the sum of the viscous and Reynolds stress 4 . This definition implies that the boundary layer thickness or flow depth is much larger than the transport layer thickness. The flow velocity profile within the inner turbulent boundary layer, which we assume is undisturbed by the presence of transported particles for threshold conditions, exhibits three regions: a log-layer for large wall units Re * (z/d + Z ∆ ), a viscous sublayer for small Re * (z/d + Z ∆ ) and a buffer layer for transitional Re * (z/d + Z ∆ ). Note that the latter two layers were neglected in some previous rebound threshold models 29, 30 . We use the 2/13 following expression for the flow velocity profile 40 :
where B κ = exp(16.873κ − ln 9).
Fluid-particle interactions
We consider the fluid drag and buoyancy force as fluid-particle interactions but neglect other interaction forces because they are usually much smaller than the drag force for particles in motion (see Appendix of Ref. 4 ). For example, the lift force has been found to be important only for particles very close to bed pockets and only during turbulent sweep events 41 , which are neglected because of the consideration of a nonfluctuating flow. Likewise, the added-mass force does not seem to have a significant effect 41 , and even when it is implemented in DEM-based numerical sediment transport simulations using standard semi-empirical expressions, it does not significantly affect average transport characteristics 31 .
Sedimentary particles and sediment bed
We consider a sediment bed made of nearly monodisperse, nearly spherical cohesionless particles. Even though natural particles are often quite angular, we assume that angularity does not cause a significant deviation from the quality of the physical laws describing fluid drag and particle-bed rebounds of spherical particles, consistent with experiments 42, 43 . However, if known, we consider changes of scaling constants due to angularity, such as considerably increased form drag 42 . Furthermore, we assume that the statistical state of the sediment bed above which saltation takes place is the same for all environmental conditions. In particular, we consider a bed that has reached its state because of a shearing flow of laminar liquid (which implies that Re * is small) with a Shields number Θ slightly below the yield stress Θ Y = 0.12 13, 19, 44, 45 . For Θ < Θ Y , temporary particle motion can take place, but, in contrast to Θ ≥ Θ Y , mobilised particles will eventually settle in stable bed pockets and the bed become static 25 (except for superslow subsurface creeping 19 ). Note that the shape of the velocity profile does not significantly affect the value of Θ Y in the absence of lift forces 25 . However, beds that have formed for nonfluctuating flows with large Re * exhibit a significantly smaller yield stress because large particle inertia prevent mobilised particles from settling in the most stable bed pockets 25 . This effect is neglected for simplicity. Further note that the yielding transition at Θ Y due to the action of laminar flows obeys the same critical scaling as the yielding transition in dry granular flows when the bulk friction exceeds the yield stress ratio µ Y 46 . Measurements of the angle of repose, both in dry environments 4 and submerged in liquid 44, 47 , indicate an approximately value of µ Y = tan 30 • .
Periodic saltation in identical trajectories
This subsection introduces the main model idealisation: identical periodic particle trajectories along a flat wall. Firstly, we present the deterministic laws governing the particle motion above the bed driven by a nonfluctuating flow. These laws directly map the rebound velocity v ↑ to the impact velocity v ↓ of saltating particles. Secondly, we present the laws describing particle-bed rebounds, mapping v ↓ back to v ↑ . For the particle trajectories to be identical and periodic, these laws must also be deterministic, which is achieved by representing them by their statistical mean effect. Finally, we model the critical energy level E b that the rebound energy E ↑ = 1 2 mv 2 ↑ (where m is the particle mass) must exceed in order for saltating particles to not be captured.
Particle motion above the bed
We phrase the problem in terms of the following dimensionless numbers:
Particle-fluid-density ratio:
Galileo number:
Bed slope:
whereg ≡ (1 − 1/s)g cos α is value of g reduced by the slope angle α and buoyancy. The prefactor (1 − 1/s) −1 in Eq. (2d) stems from neglecting the streamwise component of the buoyancy force. This component is significant only for slope-driven viscous sediment transport (in which case one should define the bed slope as S ≡ tan α) because it is proportional to the vertical gradient of the viscous (but not Reynolds) contribution to the fluid stress tensor 48 . In order to allow for an analytical integration of particle trajectories, we linearise the drag force via approximating the difference |u − v| between fluid (u) and particle (v) velocity by the mean value of its streamwise component: |u − v| ≈ u x − v x , where the overbar denotes the time average over the particle hop (· ≡ 1 T T 0 ·dt, where T is the hop time). We carried out a few tests that suggested that this approximation has almost no effect on the final threshold prediction. Using a standard drag law 42 , the linearised drag acceleration reads
where C ∞ d = 0.4 and m = 2 for spherical particles and C ∞ d = 1 and m = 1.5 (used here) for naturally-shaped particles because their angularity increases form drag. Using v ↓ − v ↑ = T 0 adt = aT , where a = (Sg + a dx , −g + a dz ) is the total particle acceleration, one can define a rebound friction coefficient µ r and obtain expressions for u x − v x and the dimensional (nondimensionalised) terminal settling velocity v s (V s ) as functions of µ r :
Note that the nondimensionalised terminal settling velocity in quiescent fluid
is given by the right-hand side of Eq. (5) when replacing µ r − S by 1 42 . In particular, V o s = V s in linear order of Ga (i.e., when Stokes drag dominates). Further note that Eq. (5) has been validated in DEM-based numerical sediment transport simulations for a wide range of conditions 31 .
We now nondimensionalise location, velocity, acceleration, and time, indicated by a hat, using combinations of the dimensional settling velocity and reduced gravity: v 2 s /g, v s ,g, and v s /g, respectively. Usingẑ = z/(v 2 s /g) = z/(V 2 s sd), one then obtains the following system of differential equations describing the average trajectory:
Equations (6a)-(6c) can be analytically solved forv ↓ as a function ofv ↑ . The solution readŝ v ↓z =v ↑z −T , withT = 1 +v ↑z +W − 1 +v ↑z e −(1+v ↑z ) ,
where W denotes the principal branch of the Lambert-W function. Note that the integral in Eq. (7b) can be approximated as
This approximation, which speeds up computations by about two orders of magnitude, will be used to test the stability of threshold solutions against perturbations.
Particle-bed rebounds
Particle collisions with a static sediment bed have been extensively studied experimentally 49, 50 , numerically 51, 52 and analytically 52, 53 . In typical experiments, an incident particle is shot with a relatively high impact velocity (|v ↓ | √g d) onto the bed and the outcome of this impact (i.e., the particle rebound and potentially ejected bed particles) statistically analysed. We describe this process using a phenomenological description for the average rebound (vertical) restitution coefficient e ≡ |v ↑ |/|v ↓ | (e z ≡ −v ↑z /v ↓z ) as a function of the average impact angle sin θ ↓ = −v ↓z /|v ↓ | 49 :
Original:
Modified: e z = (A +C)/ sin θ ↓ − (B +C),
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where A = 0.87, B = 0.72, A z = 0.3, B z = 0.15 and C = 0 (except for later comparisons with data from DEM-based numerical sediment transport simulations, where C = 0.6). Equation (9c) is a modification of Eq. (9b), the original expression given in Ref. 49 . This modification accounts for the analytically derived asymptotic behaviour of the rebound angle in the limit of small impact angle, sin θ ↑ = v ↑z /|v ↑ | = e z sin θ ↓ /e ∼ sin θ ↓ 52 , and for the requirement that θ ↑ → 90 • when θ ↓ → 90 • . Like the original expressions, the modified expressions are consistent with experimental data for large impact velocities 49 (Fig. 1) . We now present two arguments that support the use of Eqs. (9a) and (9b) also for small impact velocities (|v ↓ | ∼ √g d or |v ↓ | √g d). Firstly, in theoretical studies of the rebound process, there is no dependency of the rebound laws on |v ↓ |/ √g d 52 . Secondly, in DEM-based numerical sediment transport simulations, it was found that (v 2 z ) 1/2 ∝ v x , with a universal proportionality constant, is approximately valid in the limit Θ ↓ Θ t across transport regimes in which |v ↓ |/ √g d ranged from very small to very large values 31 . Significant deviations from this scaling were found only for a few conditions in which vertical drag forces significantly affected the threshold transport layer. Consistently, regardless of the transport regime, Eqs. (9a) and (9c) yield (v 2 z ) 1/2 0.18v x when vertical drag can be neglected [i.e., e z 1, v x (v ↑x + v ↓x )/2, and v 2 z v 2 ↑z /3]. Finally, we note that viscous damping of binary collisions, which can be important for fluvial sediment transport, also does not seem to significantly affect the rebound laws, in contrast to the assumptions in some previous rebound threshold models 29, 30 . In fact, although the effective normal restitution coefficient ε of binary collisions is known to vanish when the Stokes number St ≡ s|v ↓ |d/ν 10 54 , DEM-based numerical simulations of fluvial sediment transport indicate that the value of ε (including ε = 0) has an only marginal effect on the overall simulation outcome 27, 31, 32, 55 , suggesting that tangential contact forces dominate the rebound process.
Critical rebound energy
Previous rebound threshold models considered only periodic trajectory solutions for which the hop height exceeds one particle diameter 29, 30 so that the saltating particles avoid being captured by the bed. This manner of modelling is equivalent to assuming that the critical energy level that the rebound energy E ↑ must exceed scales as E b ∝ mgd, independent of the Shields number Θ and bed slope S. For sediment transport driven by the shearing flow of laminar liquids along a nonsloped bed (S = 0), particle velocities scale with Ga √ sgd 13 , which implies E ↑ /(mgd) ∝ Ga 2 s. That is, the assumption E b ∝ mgd does not permit periodic saltation in the limit Ga √ s → 0. This is inconsistent with the observation that continuous sediment transport (including saltation 13 ) occurs in this limit once the Shields number Θ exceeds the yield stress Θ Y or the bed slope S exceeds the yield stress ratio µ Y . Hence, sufficiently large values of Θ and S can substantially reduce the critical energy level:
To parametrise the behaviour of E b , we consider a nonsloped bed and a particle resting in a bed pocket of triangular or quadratic geometry. For these idealised geometries, nearly exact expressions for the critical Shields number Θ required for its entrainment by a laminar flow as a function of the pocket angle ψ (Fig. 2) can be given 56 . These expressions are well approximated by the model of Ref. 57 : Θ = c ψ cot ψ 56 , where c ψ is a proportionality constant. As triangular arrangements are the most probable ones in disordered configurations 56 , we assume that this model approximately applies also to natural sediment beds. Interpreting Θ Y as the critical Shields number required for particle entrainment from the most stable bed pocket 25 , the most stable pocket angle is given by cot
Here we use ψ Y = 30 • , which is the approximate pocket angle corresponding to Θ Y = 0.12 56 . For not being captured by the bed, it is sufficient if a saltating particle that rebounds in the most stable bed pocket is uplifted to an elevation at which Θ is sufficient to push it out, assuming the particle remains in contact with its downstream neighbour (neglecting friction losses) for simplicity ( Fig. 2) . Hence, considering that bed slopes reduce Θ Y by a factor of (1 − S/µ Y ), the potential barrier energy is given by
It is worth emphasising that the pocket conceptualisation in Fig. 2 is merely a means to obtain the parametrisation of E b rather than a model for the bed surface (which is instead treated as a flat wall, like in previous studies 29, 30 ).
Rebound threshold
From solving Eqs. (4), (5), (7a), and (7b), we obtain a family of identical periodic trajectory solutions Θ(Ga, s, S,v ↑z ), which are parametrised by the dimensionless vertical rebound velocityv ↑z . We then obtain the rebound threshold from the solution with the smallest Shields number that obeys E ↑ ≥ E b (Θ, S) using Eq. (10):
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Results
Comparison with experiments and numerical simulations
The rebound threshold model has been derived for a nonfluctuating driving flow. That is, if one applies this model to turbulent flows, one has to make sure that flow turbulence does not much disturb particle trajectories. This requirement is approximately obeyed when the Rouse number
Hence, for the model evaluation, we choose only experiments carried out for turbulent flows with Ro ≥ 2.8 or for laminar flows. Figure 3(a) shows that the model predictions of Θ t as a function of the Stokes-like number s 1/2 Ga 29-31 , obtained from Eq. (11), are consistent with visual measurements in oil-water mixtures representing the Shields curve 44, 45, [59] [60] [61] and saltation cessation threshold measurements in air [62] [63] [64] [65] [66] . Figure 3(b) shows that, after a slight parameter change, the model also reproduces data from DEM-based numerical sediment transport simulations 31 .
Sediment transport regimes
Based on the hop height calculated from the rebound threshold model,
s ln(1 + v ↑z /v s )]/g, and the thickness of the viscous sublayer of the turbulent boundary layer, δ ν = 10d/Re * t , we distinguish four transport regimes 31 : viscous bedload (H < 0.5d and H < δ ν ), turbulent bedload (H < 0.5d and H ≥ δ ν ), viscous saltation (H ≥ 0.5d and H < δ ν ), and turbulent saltation (H ≥ 0.5d and H ≥ δ ν ). Note that, because of the model's neglect of turbulent fluctuations around the mean turbulent flow, transport that is submerged within the viscous sublayer is equivalent to transport driven by laminar flows. Figure 4 (a) compares, for S = 0, predictions of the full model (solid lines) with two modifications: with E b (Θ, S) → E b (0, 0) = (1 − sin ψ Y )mgd (dashed lines) and with neglecting the vertical drag force (dotted lines). The former modification means that the near-surface flow and bed slope have no effect on the ability of the bed to capture saltating particles, neglecting the weaker capturing ability of bed surfaces close to yield. When applying both modifications together, our model becomes conceptually equivalent to some previous rebound threshold models 29, 30 (ignoring the fact that these models unjustifiably assumed that viscous damping affects particle-bed rebounds, as mentioned earlier). It can be seen that the former modification causes the predictions of Θ t to significantly deviate from the full model for turbulent bedload and to largely deviate for viscous bedload, while the latter modification causes a huge underestimation of Θ t for viscous bedload and viscous saltation but works very well for turbulent bedload and turbulent saltation. The reason for the latter underestimation is that, for viscous conditions, the minimisation of Θ in Eq. (11) tends to yield unrealistically large threshold particle trajectories if vertical drag is absent. Consistently, Fig. 4(b) shows that the vertical rebound restitution coefficient e z significantly deviates from unity for viscous conditions, particularly for viscous saltation. In particular, the increase of e z in viscous saltation is accompanied by a substantial decrease of (v 2 z ) 1/2 /v x , which otherwise remains close to the value 0.18 predicted if vertical drag forces are neglected. As discussed earlier, this approximate constancy indirectly supported extending the use of the rebound laws Eqs. (9a) and (9c) to conditions with relatively small impact velocity |v ↓ |/gd (i.e., viscous and turbulent bedload). Interestingly, the rebound friction coefficient µ r remains relatively constant even for viscous saltation [ Fig. 4(b) ], consistent with DEM-based numerical sediment transport simulations 32 .
The exceptional role of vertical drag in viscous saltation is particularly apparent in Fig. 5 , which shows how the bed slope S affects the rebound threshold prediction. In fact, it can be seen that viscous saltation is the only transport regime that is nearly unaffected by S and approximately obeys the scaling Θ t ∝ (Ga √ s) −2 [ Fig. 5(a) ]. Furthermore, it can be seen that the scaling Θ t (Ga, s, S) = f S Θ t ( √ f S Ga, f S s, 0) is approximately valid for turbulent saltation [ Fig. 5(b) ]. Note that the model predictions do not take into account that large bed slopes in nature (e.g., for mountain streams) are usually accompanied by very small flow depths of the order of 1d, which cause Θ t to increase rather than decrease with S 47, 67 .
Stability of rebound threshold
We find that the steady threshold trajectories calculated by Eq. (11) are, regardless of the transport regime, unstable against small negative perturbations of the steady nondimensionalised rebound velocityv s ↑ . For viscous and turbulent bedload, which are characterised by a steady particle trajectory for which the rebound energy E ↑ barely exceeds the critical energy level E b [which can be inferred from the finding that the dotted lines in Fig. 4(a) deviate from the solid lines in these regimes], such perturbations cause immediate particle capture. For viscous and turbulent saltation, such perturbations cause the saltating particles to gain less energy in their initial and all subsequent hops than they lose in subsequent rebounds, causing them to eventually settle (i.e.,v ↑ = 0 is an attractor for such perturbations). In contrast, positive perturbations ofv s ↑ of any size will eventually approach the steady solution in a series of hops and rebounds (i.e.,v s ↑ is an attractor for such perturbations). Figure 6 (a) shows this semi-stable behaviour for an exemplary turbulent saltation condition (s = 2000, Ga = 40 and S = 0) in terms of stability lines that separate those initial nondimensionalised rebound velocitiesv o ↑ that approachv s ↑ from those that approachv ↑ = 0. It also shows that only a slight increase of Θ above Θ t causes the range ofv o ↑ values that are attracted byv s ↑ (which increases with Θ) to substantially widen. In particular, the distance betweenv s ↑ and the stability line (min |v s ↑ −v o ↑ |) as a function of the distance from the threshold (Θ/Θ t − 1) obeys a critical scaling behaviour with exponent 1/2 [ Figure 6 (b)].
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Discussion Many empirical and theoretical expressions for the dimensionless sediment transport rate Q * predict that Q * vanishes below a threshold Shields number Θ t , knowledge of which is crucial for predicting the morphodynamics of planetary landscapes, riverscapes and seascapes. In this paper, we have proposed a model for Θ t based on the recent hypothesis that Θ t is an entrainment-independent rebound threshold associated with the cessation of saltation 31 . This model reproduces threshold measurements for sediment transport in liquids (i.e., the Shields curve) and air, as well as transport thresholds obtained from DEM-based numerical sediment transport simulations for a wide range of environmental conditions. Interestingly, the rebound threshold model predicts that threshold trajectories are unstable against small trajectory fluctuations, meaning that particles with a slightly smaller lift-off velocity than that of the steady trajectory will lose more energy during their rebounds with the bed than they gain during their flights, causing them to eventually settle. Hence, since bed particles that are entrained by the impacts of saltating particles (the predominant entrainment mechanism in both fluvial 26, 27 and aeolian transport [3] [4] [5] [6] ) must have a much smaller energy than the impactor because of energy conservation, this prediction implies that entrained particles always exhibit a too low energy to participate in saltation for Shields numbers Θ too close to the rebound threshold Θ t . The ineffectiveness of impact entrainment implies that continuous saltation cannot be sustained for such conditions, as was also found in DEM-based numerical sediment transport simulations 24, 25, 31, 68 . In other words, as our rebound threshold model assumes a continuous saltation motion of particles, the instability of saltation trajectories implies that, for realistic systems, transport cannot be continuous at Θ t and that Θ t must be strictly smaller than the continuous transport threshold, which is arguably the Shields number Θ ImE t at which impact entrainment becomes effective 31 . Since our model predictions suggest that the range of stable trajectories widens substantially with slightly increasing Shields number Θ, one expects that Θ ImE t should not be too much larger than Θ t . In fact, experiments 65 and DEM-based numerical sediment transport simulations 69 suggest Θ e t ≈ 2Θ t for both aeolian and fluvial transport conditions. 
